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ABSTRACT Although Ras residue phenylalanine-156
(F156) is strictly conserved in all members of the Ras super-
family of proteins, it is located outside of the consensus
GDP/GTP-binding pocket. Its location within the hydrophobic
core of Ras suggests that its strict conservation reflects a
crucial role in structural stability. However, mutation of the
equivalent residue (F157L) in the Drosophila Ras-related pro-
tein Rap results in a gain-of-function phenotype, suggesting an
alternative role for this residue. Therefore, we have introduced
an F156L mutation into Ras to evaluate the role of this residue
in Ras structure and function. Whereas introduction of this
mutation activated the transforming potential of wild-type
Ras, it did not impair that of oncogenic Ras. Further,
Ras(156L) exhibited an extremely rapid off rate for bound
GDP/GTP in vitro and showed increased levels of Ras GTP in
vivo. To determine the structural basis for these altered prop-
erties, we used high-resolution nuclear magnetic resonance
spectroscopy. The F156L mutation caused loss of contact with
residues 6, 23, 55, and 79, resulting in disruption of secondary
structure in a-helix 1 and in ,-sheets 1-5. These major
structural changes contrast with the isolated alterations in-
duced by oncogenic mutation (residues 12 or 61) that perturb
GTPase activity, and instead, weaken Ras contacts with Mg2+
and its guanine nucleotide substrate and result in increased
rates of GDP/GTP dissociation. Altogether, these observa-
tions demonstrate the essential role of this conserved residue
in Ras structure and its function as a regulated GDP/GTP
switch.
The Ras proteins are members of a large superfamily of
guanine nucleotide-binding proteins whose members share
significant structural (30-55% amino acid identity) and bio-
chemical properties (1-3). These proteins cycle between active
GTP- and inactive GDP-bound states and act as molecular
switches that regulate a range of cellular functions, including
mitogenic signaling cascades (Ras), vesicular trafficking
(Rabs), or actin cytoskeletal organization (Rhos) (3, 4). Ras
proteins are positively regulated by guanine nucleotide ex-
change factors (GEFs), which promote formation of the active
GTP-bound state, and are negatively regulated by GTPase-
activating proteins (GAPs) which stimulate formation of the
inactive GDP-complexed protein (3, 4). Structural mutations
that activate Ras oncogenic potential either impair the GAP-
stimulated GTPase activity (mutations in residue 12 or 61) or
promote enhanced intrinsic nucleotide exchange (residues
116-119 and 144-146) (1, 2). The net result of either bio-
chemical defect is to favor elevated levels of Ras'GTP in vivo.
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The majority of conserved residues shared between mem-
bers of the Ras superfamily are found within four consensus
guanine nucleotide-binding motifs present in all guanine nu-
cleotide-binding proteins (2). Although additional strictly con-
served residues-e.g., F28 and T35 (residues are denoted by
the one-letter symbol and position number)-are also involved
in the binding and hydrolysis ofGTP (5, 6), V152 and F156 are
located in a-helix 5 of Ras and make several hydrophobic
contacts that have been speculated to be involved in the
formation and/or maintenance of the Ras three-dimensional
structure (2). Thus the strict conservation of these residues is
believed to reflect their essential role in maintaining the
structural integrity and function of Ras superfamily proteins
rather than direct association with the guanine nucleotide.
In light of the strict conservation of the internally located
F156, it was surprising that the roughened phenotype in Dro-
sophila was found to be the consequence of a leucine substi-
tution at this residue that resulted in a gain, rather than loss,
of function in the Drosophila Ras-related protein Rap (7).
Therefore, we have introduced an F156L mutation into wild-
type Ras [Ras(WT)] and oncogenic Ras(61L) to evaluate the
role of this residue in Ras structure and function. We observed
that this mutation activated Ras transforming potential,
greatly accelerated guanine nucleotide turnover, and caused
significant structural perturbations. Thus, we conclude that
the strict conservation of F156 is required to maintain the
proper structure and function of Ras as a regulated GDP/GTP
switch.
METHODS
Generation of H-ras F156L Expression Constructs. The
F156L mutation was introduced into M13mpl8H-ras cDNA by
oligonucleotide-directed mutagenesis as described (8). DNA
polymerase fidelity was confirmed by dideoxynucleotide se-
quencing. All mutant ras cDNAs were subcloned in theBamHI
site of the pZIP-NeoSV(x)1 mammalian expression vector (9)
for expression in NIH 3T3 cells. Cell culture, transfection
analysis, transcriptional activation assays, and determination
of nucleotide ratios in vivo were performed essentially as
described previously (10). C-terminally truncated versions of
Ras (residues 1-166) were generated and introduced into the
pAT-ras bacterial expression vector (11) to facilitate NMR
structural studies. This truncation of Ras does not affect its
biochemical properties (12). pAT-ras plasmids were used to
transform Escherichia coli strain JM105. Uniformly 15N-
Abbreviations: GAP, GTPase-activating protein; HSQC, hetero-
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samples were obtained by growing bacteria at 33°C on a
supplemented minimal medium containing (15NH4)2SO4 as
the sole nitrogen source (13). Ras proteins were resolubilized
and purified from inclusion bodies as previously described
(14).
GDP and GTP Dissociation Assays. Ras proteins (200 nM)
were labeled in 20 mM Tris-HCl, pH 8/1 mM dithiothreitol/1
mM EDTA/0.2 M (NH4)2SO4/1 mg of bovine serum albumin
per ml with 1 ,uM [a-32P]GTP or [8,5'-3H]GDP (104 cpm/
pmol) for 5 min at 20°C. MgCl2 was added to 5 mM and
proteins were placed on ice. Nucleotide exchange assays were
then performed at 20°C in 20 mM Tris-HCl, pH 8/5 mM
MgCl2/1 mM dithiothreitol/1 mg of bovine serum albumin per
ml plus excess (0.5 mM) unlabeled GTP. Loss of Ras-bound
nucleotide was determined by vacuum filtration on 0.1-,um-
pore cellulose nitrate filters (Sartorius) and liquid scintillation
counting (8).
NMR Spectroscopy. Ras proteins were prepared for NMR
analysis by buffer exchange into NMR buffer [20 mM Tris-d12
maleate-d3, pH 6.5/40 mM NaCl/30 ,uM GDP/5 mM dithio-
threitol-d1o/5 mM MgCl2/10% (vol/vol) 2H20/0.01% NaN3]
as previously described (13). All NMR experiments were re-
corded under identical conditions on -1.5 mM samples of
Ras-(1-166)-GDP uniformly labeled (>90%) with 15N, at 30°C
on a Bruker AMX500 NMR spectrometer (Billerica, MA). 31p
NMR data were also acquired on a Bruker AMX500 spec-
trometer operating at a resonance frequency of 202.46 MHz,
using 900 pulse width of 16,us, a sweep width of 20 kHz, and a
recycle time of 5 s. Two-dimensional 'H-'5N heteronuclear
single quantum coherence (HSQC) and three-dimensional
15N-edited nuclear Overhauser enhancement (NOE) spectros-
copy (NOESY) and total correlation spectroscopy (TOCSY)




FIG. 1. Morphology of NIH 3T3 cells stably expressing the indi-
cated Ras proteins. NIH 3T3 cells were transfected with pZIP con-
structs encoding the indicated Ras mutant, and stably transfected cells
were selected in G418-containing growth medium. (XlO0.)
RESULTS
To establish the role of F156 in Ras structure and function,
we introduced a F156L mutation into wild-type or oncogenic
Ras proteins. We first evaluated the consequences of this
mutation on Ras function in NIH 3T3 cells. As shown in Table
1, although weaker than the very strongly transforming
Ras(61L) mutant protein, Ras(156L) exhibited a 15-fold
greater transforming activity than Ras(WT). The enhanced
transforming activity of Ras(156L) was also seen in the mor-
phology of stably transfected cells. Unlike cells expressing
Ras(WT), those expressing Ras(156L) appeared morpholog-
ically transformed and were indistinguishable from those ex-
pressing the oncogenic Ras(61L) mutant (Fig. 1). Further-
more, like oncogenic Ras(61L), Ras(156L) was also capable of
inducing transcriptional activation from a Ras-responsive pro-
moter element (Fig. 2A). Finally, since there was no loss of
function of the double Ras(61L/156L) mutant (Table 1 and
Fig. 1), mutation of residue 156 does not appear to result in a
loss of Ras stability. These results are consistent with the
Table 1. Transforming activity of Ras(156L) mutants
pZIP DNA, Foci per Ag of DNAt
Ras protein ng per dish* Exp. 1 Exp. 2 Exp. 3
Ras(WT) 500 10 <5 <5
Ras(156L) 500 152 104 89
Ras(61L) 10 6525 3500 5100
Ras(61L/156L) 10 9075 3700 4475
"Cells were transfected with the indicated amount of pZIP-ras con-
structs per 60-mm dish.
tTransformed foci were quantitated after 14-16 days. Each experi-
ment was performed in quadruplicate.


























FIG. 2. Analysis of the in vivo properties of Ras(156L) protein. (A)
Ability of pZIP-ras constructs to induce activation of the Ets/AP-1
Ras-responsive element from the polyomavirus enhancer element.
NIH 3T3 cells were cotransfected with 1 ,ug of the pB4XCAT reporter
plasmid along with the indicated amount of pZIP-ras. After 48 hr, the
cells were harvested and assayed for chloramphenicol acetyltrans-
ferase (CAT) activity as previously described (10). Data are repre-
sentative of -3 experiments performed in duplicate. (B) In vivo
nucleotide association analysis. NIH 3T3 cells stably expressing each
of the indicated Ras proteins were metabolically labeled with 32Pi and
then solubilized in detergent buffer. Labeled guanine nucleotides
bound to Ras proteins were immunoprecipitated, separated by thin-
layer chromatography, and quantitated by using an Ambis 13 scanner
(10). Data are expressed as mean ± SEM for three independent
experiments.
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Ras transforming potential correlates tightly with increased
levels of GTP-bound Ras in vivo (15). To determine the ratio
of Ras-GTP/(GTP + GDP) in vivo, the nucleotide pools of
NIH 3T3 cells stably expressing equivalent levels of each of the
mutant Ras proteins were metabolically labeled with 32P1.
While only 7.4% of the guanine nucleotide coprecipitated with
Ras(WT) was GTP, 18% and 79% of guanine nucleotide
bound by Ras(156L) and Ras(61L), respectively, were GTP
4 n
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FIG. 3. Guanine nucleotide ex-
change rates of Ras mutants. The
indicated proteins were prelabeled
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(Fig. 2B), consistent with the mildly transforming phenotype
of Ras(156L).
Previously characterized activating mutations of Ras have
been restricted to residues directly involved in Mg-GTP bind-
ing or hydrolysis (5, 6, 11). However, there is no indication
from x-ray crystallographic data that F156 is involved in nu-
cleotide binding (reviewed in ref. 2). Rather, due to its strong
contacts with L23 in a-helix 1 and I55 in 83-sheet 3, F156 has
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FIG. 4. Chemical shift differences (WT to F156L) between Ras(WT)-(1-166).GDP and Ras(F156L)-(1-166) GDP are illustrated. The secondary
structure of Ras-GDP is depicted at the top. (31 indicates (-strand 1; Li, loop region 1; al, a-helix 1; etc. (A) 1HN chemical shift differences. (B)
15N chemical shift differences. (C) 31p chemical shift differences. The triangles in B correspond to residues that have not been unambiguously
assigned in the mutant protein. The circles in A denote residues that form contacts with GDP in the native protein. In particular, G13, V14, G15,
K16, S17, and A18 in al interact with the a- and ,3-phosphate residues of GDP and Mg2+; F28 interacts with the guanine nucleotide base; V29
and Y32 make indirect contacts with the a-phosphate through bridging H20 molecules; D57 and A59 form indirect contacts with Mg2+; and N116,
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been speculatively proposed to be important for maintaining
Ras structure (2). To address the biochemical basis for
Ras(156L)-induced elevation of GTP binding and transform-
ing activity, we examined the intrinsic nucleotide exchange
activity of bacterially expressed Ras(156L). As shown in Fig. 3,
Ras(156L) had an extremely rapid off rate for both GTP and
GDP compared with Ras(WT) and Ras(61L), similar to the
previously reported properties of F28L and residue 116-119
mutants (1, 2, 5). The rapid off rate of guanine nucleotides at
room temperature precluded analysis of intrinsic and GAP-
stimulated GTPase activity. However, since the catalytic do-
main of p120 GAP inhibited Ras(156L)-induced transcrip-
tional activation from a Ras-responsive element (not shown),
we conclude that the mutant protein is still sensitive to GAP
regulation. We do not believe that the rapid off rate for
guanine nucleotides significantly affected our ability to deter-
mine in vivo Ras-bound GTP/GDP ratios since the total
amount of 32P-labeled GTP plus GDP recovered in this pro-
cedure from Ras(WT), Ras(61L), and Ras(156L) reflected the
amounts of Ras proteins immunoprecipitated from the cell
lysates (not shown).
Since F156 is involved in intramolecular contacts within the
hydrophobic core of Ras, it was not clear how mutation of this
highly conserved residue might cause the rapid dissociation of
guanine nucleotides. To address this question, we have con-
ducted a series of 15N-edited multi-dimensional NMR exper-
iments on uniformly 15N-enriched Ras(156L). C-terminally
truncated Ras-(1-166) was used to facilitate NMR analysis.
The data were compared with data for Ras(WT)-(1-166),
whose NMR solution structure has recently been solved (13).
Two-dimensional 'H-15N HSQC spectra have been collected
on Ras(WT) and mutant Ras-GDP complexes. The function of
the 15N isotope is to remove NMR signals from all protons not
attached to 15N, thereby providing a two-dimensional NMR
spectrum that contains HN peaks from only those protons
attached to an 15N nucleus. Comparison of 1H-15N HSQC
spectra collected on Ras(WT). and Ras(156L)-GDP com-
plexes showed a large number of chemical shift differences that
reflect changes in the environment of 1HN and 15N nuclei (see
Fig. 4 A and B). In the NMR solution structure of Ras-GDP,
F156 is within 3 A of residues L23 in al, L6 in /31, I55 in /33,
and L79 in ,B4 (13). Thus, F156 is capable of forming multiple
van der Waals contacts. The relative positions of these resi-
dues are indicated in Fig. 5. The strict conservation of F156
suggests that one or more of these contacts may be important
in stabilizing packing interactions in the hydrophobic core of
Ras (2). Consistent with this idea, the largest 1HN and 15N
chemical shift differences between Ras(WT) and the 156L
mutant were seen in residues in al, /31-/33, and aS (Fig. 4 A
and B). Thus, substitution of leucine for phenylalanine at
position 156 primarily perturbs the regions surrounding resi-
dues that contact 156 in the wild-type protein.
Although a number of 1HN and 15N resonances differ in
1H-15N HSQC spectra of wild-type and mutant Ras-GDP
complexes, we have been able to assign approximately 88% of
the resonances with the aid of 15N-edited three-dimensional
NOESY and TOCSY data. The resonance assignments were
used to compare differences between sequential NOEs ob-
served in wild-type and mutant NOESY data.
Specific patterns of sequential NOEs can be correlated with
secondary structure in proteins (16). We have characterized
alterations in secondary structure resulting from the F156L
substitution by using three-dimensional 15N-edited NOESY
data. The distance between the a proton of residue i (H,i) and
the amide proton of residue i + 1 (HN(i + 1)) is short (-2.2 A)
in /-strands, consequently strong aN NOEs are observed. In
a-helices, the distance between the amide proton of residue i
(HNi) and its neighboring amide protons (HN(i + 1)) is approx-
imately 2.5 A, so medium to strong (HN(i I 1)) NOEs are
detected. In our analysis of the NOESY data we have identi-
FIG. 5. Ribbon diagram derived from the Ras(WT).GDP NMR
Protein Data Bank coordinates (13). Residues that show loss of
sequential (dNN and daN) NOEs in the F156L mutant are shown in
white. Four of these residues (L6, L23, I55, and L79) form NOE
contacts with F156 in the native protein.
fied strings of sequential NOEs that differ between Ras(WT)
and Ras(156L) that represent alterations in secondary struc-
ture (shown in white in Fig. 5).
Sequential daN and dNN NOEs are lacking for the follow-
ing residues (shown in white) in the mutant protein: residues
6-9 in al, residues 54-58 in /33, 39-47 in /32, and 111-113 in
/35, indicating disruption of secondary structure in these re-
gions (Fig. 5). Large changes in chemical shifts for residues
20-25 (al) prevented unambiguous assignments for these
resonances in the mutant protein. However, none of the un-
assigned peaks show dNN connectivities, and the loss of dNN
NOEs for residues 17-19 indicates that most of al in the
mutant protein has melted. Therefore, van der Waals interac-
tions between F156 and L23 appear to be important in stabi-
lizing al. Mutation of F156 also perturbs interactions with
residues L6 in /31 and I55 in /33, resulting in partial disruption
of the /3-network. a-Helix 5, containing residue 156, however,
remains intact. Although NOE interactions for residues 13, 15,
and 16 remain intact, several NOE peaks are lost for S17 and
A18 as well as D57, N116, K117, and D119, which interact with
bound GDP.
Finally, we have also compared 31P NMR chemical shifts of
a- and /3-phosphate resonances corresponding to bound GDP
in Ras-GDP complexes of Ras(WT) and Ras(156L) (Fig. 4C).
Chemical shift differences are observed in the a-phosphate
resonances between the native and mutant Ras-GDP com-
plexes, indicating that the chemical environment about this
phosphate has been perturbed. Similar chemical shift differ-
ences were reported for 31P NMR spectra collected on
Ras(D57A)-GDP, which also exhibits enhanced rates of nu-
cleotide exchange (6).
DISCUSSION
While there is considerable sequence conservation in the four
regions of Ras superfamily proteins that are directly involved
in guanine nucleotide binding, there are only a limited number
of additional, isolated, residues that are conserved outside of
these binding motifs (2). Of these residues, F28 and T35 are
Biochemistry: Quilliam et al.
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also responsible for binding the guanine nucleotide (5, 6).
However, conserved solvent-inaccessible residues such as
V152 and F156 in a-helix S are likely to play an important role
in maintaining the overall global fold of Ras (2). It was there-
fore surprising that mutation of the strictly conserved F156
residue should result in activation of the Drosophila Ras-
related Rap protein.
Our observation that the introduction of a F156L mutation
into H-Ras induces transforming focus formation and mor-
phological transformation of NIH 3T3 cells is consistent with
the dominant gain of function previously reported in Drosoph-
ila Rap during eye development (7). These findings suggest a
common mechanism of Ras and Rap protein activation. Ele-
vation of the level of Ras(156L).GTP in vivo was likely a result
of increased off rates for both GDP and GTP. Since there is
a 10- to 20-fold excess of GTP over GDP in the cell (17), Ras
mutations that increase nucleotide exchange favor acquisition
of the active GTP-bound state. Whether mutation of F156
contributes to human malignancy or whether mutation of the
highly conserved V152 also results in a gain of function phe-
notype will require further investigation. Nonetheless, the
current findings demonstrate that regions outside the GTP-
binding pocket of Ras can contribute to its activation.
Activating point mutations within the guanine nucleotide-
binding pocket of Ras lead to either reduced GAP-stimulated
GTPase activity or increased dissociation of guanine nucle-
otides (1, 2). X-ray crystal structures of activating mutations
located at positions 12, 59, and 61 in the phosphate-binding
region have been solved (2, 18, 19). The reduced GTPase
activities of these mutants in vivo stabilize the active GTP-
bound state. These mutations produce minor structural
changes in the molecule that are confined to loops 1, 2, and 4
in the phosphate-binding domain and impact the biological
and biochemical properties of the mutant protein by altering
the critical positioning of residues in the active site. While a
number of structures are available for oncogenic mutations in
the phosphate-binding domain, little structural information
has been obtained on activating mutants with dramatically
increased GDP/GTP exchange rates. We have now assessed
the structural basis for the enhanced guanine nucleotide ex-
change activity of the activating mutant F156L by high-
resolution NMR spectroscopy. In contrast to the minor struc-
tural alterations observed at positions 12 and 61, mutation of
156 causes significant perturbations in structure. In particular,
partial melting of the 031-f35 network and al is observed.
Phenylalanine-156 forms multiple hydrophobic interactions
with residues in al, (31, ,33, and (34, which appear to be critical
for stabilization of these structural motifs (2). It is surprising
that, given the sizable structural alterations in the protein core,
the mutant is expressed at high levels in E. coli and possesses
temperature stability similar to that of the wild-type protein.
A possible explanation for the observed stability of the mutant
is that two of the loop regions (Li and L4) surrounding the
structurally altered sites show an increased number of NOEs,
which may reflect structuring of these loops that could com-
pensate for the loss of structure observed in al and (31-f35.
How do these structural alterations in Ras impair binding
interactions with its guanine nucleotide substrates? Melting of
al will most likely alter the positioning of residues S17, A18,
and F28, which interact with the a- and 83-phosphates, Mg2+,
and the guanine base. Consistent with this notion, several NOE
cross-peaks corresponding to S17 and A18 observed in the
wild-type protein are lacking in the mutant, whereas NOE
interactions observed for residues 13, 15, and 16 remain intact.
Residue 57, located in L4, is also involved in coordination with
the Mg2+ that is required for stable nucleotide association in
Ras(WT). NOE peaks are also lost for this residue in the
mutant Ras structure. Mutations at each of these residues have
been studied previously and shown to reduce the binding
affinity of Ras for GDP and/or GTP (5, 6). In addition, several
NOE peaks derived from the amide proton of N116, K117, and
D119 detected in the wild-type protein are missing in the
F156L mutant. These residues have several critical interactions
with the purine base, and mutation of these residues results in
drastically increased GTP/GDP exchange rates, leading to
oncogenic activation of Ras (1, 2). We have observed a sig-
nificant net decrease in NOE connectivities between residues
17, 18, 28, 57, 116, 117, and 119. All of these residues form
stabilizing contacts with the Mg-GDP in the native protein.
The net loss of NOEs most likely reflects a loss of structure
associated with these residues rather than a change in struc-
ture.
In summary, our NMR structural analysis indicates that
mutation of phenylalanine-156 to leucine results in disruption
of al and partial melting of the (31-X34 network. Several
residues in or around these regions (17, 18, 28, 57, 116, 117, and
119) form contacts with Mg2+ and the guanine nucleotide base
in the native protein. The structural perturbations arising from
mutation of the highly conserved F156 result in overall weak-
ening of interactions with the guanine nucleotide base and
dramatically increased GDP/GTP dissociation. Thus the
strong conservation of this residue in all Ras superfamily
proteins reflects the crucial role of F156 in maintaining the
structural integrity of the proteins to function as regulated
molecular switches.
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